Abstract. Ganoderma ludicum polysaccharides (GlPS) are the major bioactive composition of Ganoderma lucidum, a well-recognized oriental medical fungus. The published data have shown a complementary effect of GlPS in cancer therapy. The present study was designed to determine the anti-tumor efficacy of GlPS and the possible mechanism covering this effect. Murine Sarcoma 180 (S180) model was established, and GlPS administered orally for 10 days. On the 10th day, tumors were weighed to assess the inhibitory effect of GlPS and sera were collected for proteomic analysis and in vitro study. The in vivo results demonstrated that 25, 50 and 100 mg/kg GlPS inhibited S180 growth by 32.67, 44.80 and 45.24%, respectively (P<0.01). Proteomic study revealed marked protein changes after the process of treatment. Three significantly changed proteins were identified by ESI-Q-TOF-MS and database search indicated that they were haptoblobin, apolipoprotein A-II and serum amyloid A (SAA), respectively. Additionally, the expression change of SAA was confirmed by both Western blot and RT-PCR. The adhesion assay showed that GlPS-treated sera dramatically inhibited the adhesion ability of human prostate carcinoma (PC-3M) cells to human umbilical cord vascular endothelial cells (HUVECs), and this effect partially recovered after immunodepletion by the antibody against SAA. Collectively, these results suggest that GlPS inhibited the tumor growth and tumor cell adhesion to HUVECs via up-regulation of SAA protein expression.
Introduction
Ganoderma lucidum (Leyss. ex Fr.) Karst, also known as 'Lingzhi' in China, has a long history of medical use in Asian countries. This medical mushroom, which was used to promote health and longevity in the past, has been recently shown to have therapeutic effects on many diseases, including neurasthenia, insomnia, nephritis, hepatitides, diabetes and cardiovascular disease (1) (2) (3) (4) (5) . Especially, it shows prominent anti-tumor actions. In the 70s, T. Sasaki uncovered the antitumor effect of polysaccharides from Ganoderma applanatum (another species of Ganoderma) for the first time (6) . From then on, both in vivo and in vitro research on the anti-tumor activity of Ganoderma lucidum have been carried out, supporting its application for cancer treatment and prevention. In addition, Ganoderma lucidum exhibited adjuvant role in combination with radiotherapy or chemotherapy. It can enhance the anti-tumor effect of chemotherapeutics. According to these reports, the main anti-tumor components in Ganoderma lucidum are polysaccharides (7) and triterpenoids (4) , which are the main biological compounds of water extracts and alcohol extracts.
Because one of the effective ways to develop new drugs from bioactive compounds of natural products is to find the potential protein targets, the study on the molecular mechanisms of anti-tumor effect of GlPS has received much attention. Previous studies proposed that the cancer prevention activity of GlPS were carried out mainly through immunomodulation (7) . However, some recent studies suggested other potential mechanisms, such as anti-angiogenesis (8) , inhibition of tumor cell motility (9) , induction of apoptosis (10) , induction of phase II-metabolizing enzyme (11) and antimutagenic activities (12) . Nevertheless, the mechanisms of anti-tumor activities of GlPS remain obscure. In order to better understand the anti-tumor mechanisms of GlPS, twodimensional gel electrophoresis analysis was adopted in this study. Through analyzing global protein profile in GlPStreated and control S180 mice coupling with mass spectrometry, we attempted to elucidate the possible anti-tumor mechanisms and find potential protein targets of GlPS. We observed the possible functions of one dramatically changed protein by cell-based research and compared the effects of Serum amyloid A mediates the inhibitory effect of Ganoderma lucidum polysaccharides on tumor cell adhesion to endothelial cells
GlPS-treated sera on the tumor cell adhesion ability to HUVECs with and without depleting of this protein. These findings provide preliminary evidence for a novel mechanism by which GlPS exerts its anti-tumor effect. Sample preparation. Murine Sarcoma 180 (S180) cells were purchased from Beijing Tumor Institute and maintained by weekly transplantation of the tumor cells into the peritoneal cavity of mice. S180 cells (2x10 6 /mouse) were injected into the axillary fossa of the right foreleg. On the second day after inoculation, mice were separated into 4 groups (n=10) to receive saline, or 25, 50, 100 mg/kg GlPS dissolved in saline orally once a day. On the 10th day after drug treatment, the mice were sacrificed and tumors were excised and weighed. At the same time, the serum samples and liver samples were separated and stored at -70˚C until use.
Materials and methods

Animals
Cell culture. Human umbilical cord vascular endothelial cells (HUVECs) were isolated by 1% collagenase (Invitrogen, USA) from human umbilical cords, and were cultured in M199 (Gibco, USA) supplemented with 20% heat-inactivated fetal bovine serum (FBS, Gibco), 40 μg/ml endothelial cell growth supplement (ECGS, purchased from China-Japan Friend Hospital), 100 U/ml penicillin, 100 U/ml streptomycin, 50 μg/ ml heparin and 300 μg/ml L-glutamine. HUVECs were identified by the typical polygonal morphology and by detecting their immunoreactivity of factor-VIII related antigens. Human prostate carcinoma cells (PC-3M) were cultured in RPMI-1640 (Gibco) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin.
Two dimensional gel electrophoresis and image analysis.
The protein concentration of serum samples was measured by Bradford method. Serum protein (1 mg) was dissolved in the rehydration buffer (8 M urea, 4% CHAPS, 65 mM DTT, 0.2% Bio-Lyte, 0.001% bromochlorphenol blue) to a final volume of 300 μl. This mixture was then applied to twodimensional electrophoresis. The first dimension isoelectric focusing (IEF) was performed using 18 cm, pH 3-10, linear immobilized pH gradients gel (IPG) strips (Amersham Pharmacea Biotech, USA). The IPG strips were rehydrated for 16 h at 20˚C by placing the strips gel-side-down and covered with mineral oil. Then, IEF was performed at 20˚C in following steps: 250 V linear for 0.5 h, 1000 V gradient for 1 h, 8000 V linear for 5 h, 8000 V gradient until 60000 Vh. After IEF, the IPG strips were equilibrated in buffer containing 6 M urea, 20% glycerol, 0.375 M Tris-HCl (pH 8.8), 2% SDS and 20 mg/ml DTT for 15 min, and then for another 15 min in the same buffer with 25 mg/ml iodoacetamide replacing DTT. Then, the second dimension was proceeded on 12% SDS-PAGE gels at 10 mA/gel for 30 min followed by 20 mA/gel until completion. Gels were stained with Coomassie blue or silver. The experimental procedures were repeated more than three times. Then, 2D gels were analyzed using the PDQuest software (Bio-Rad) according to the protocols provided by the manufacturer. All gel spots that detected as significantly changed were then highlighted and checked manually to prevent any artifacts due to gel distortions, inappropriately matched or mistakenly detected spots.
Protein identification by ESI-Q-TOF-MS/MS.
The selected protein spots were excised from the gels for decolorization, in-gel digestion and MS analysis. Electrospray quadrupole/ time-of-flight mass spectrometry (ES-Q-TOF-MS, Waters, USA) was performed to identify the selected protein spots. The peptide mixture was carried out on a Waters Capillary liquid chromatography system including three pumps A, B and C (Waters). Fused silica tubing (75 μm x 100 mm) packed with symmetry 300™ C 18 , 3.5 μm spherical particles with pore diameter 100 Å (Waters) The flow rate was set at 2.5 μl/min. Samples were injected at a flow rate of 20 μl/ min with pump C and salts were removed on the precolumn of (0.35x5 mm) packed with symmetry 300™ C18, 3.5 μm spherical particles with pore diameter 100 Å (Waters). The precolumn was connected in the 10-port switching valve, and switched to the analytical column after the sample was desalted. Mobile phase A consisted of water/ACN (95/5, v/v) with 0.1 FA. Mobile phase B consisted of water/ACN (5/95, v/v) with 0.1 FA. The separation was performed by running an onlinear gradient: 3% B, for 0.1-3.5 min for injection; 5-40% B, for 3.5-40 min; 40-60% B, for 40-60 min; 60-90% B, for 60-65 min; 90-5% B, for 65-70 min; 5-5% B, for 70-90 min. The Cap LC is coupled on-line with a Q-TOF Ultima Global mass spectrometer (Waters) for detection and protein identification. Peptide mixtures were dissolved with 2 μl 0.1% FA and inject by the atmosphere on the precolumn using a Cap LC system. Peptides were directly eluted into a Q-TOF mass spectrometer (Q-TOF Ultima Global mass spectrometer; Waters) at 250 nl/min on the analytical column. After being processed with Mass Lynx 4.0, the data resulting from the MS/MS analysis were applied for identification with MASCOT search engine (http://www.matrixsciencn. com).
Western blot analysis.
A sample consisting of 80 μg of protein was separated by 15% polyacrylamide gels at 150 V constant power. Protein was then transferred electrophoretically at 200 mA to a polyvinylidene difluoride (PVDF) immobilion-P membrane (0.22 μm pore size; Millipore Corp., USA) in a transfer buffer (pH 8.3) composed of 25 mM Tris-HCl, 192 mM glycine and 20% methanol at 4˚C for 2 h. The membranes were blocked with Tris-buffered saline (TBS, 100 mM Tris-HCl and 0.9% NaCl, pH 7.5) containing 5% nonfat milk for 1 h at room temperature, and subsequently incubated with anti-SAA antibody (Biosource, USA) at a 1:1000 dilution at 4˚C overnight. After three washes in TBS containing 0.1% Tween-20 (TBS-T), the membranes were incubated with 1:1000 HRP-conjugated secondary antibody with 5% non-fat milk for 1 h and visualized using the chemiluminescent ECL reagent.
Semi-quantitative RT-PCR analysis.
For semi-quantitative reverse transcriptase-polymerse chain reaction (RT-PCR) analysis, total-RNAs were extracted from the liver samples of each group. The RNA concentration was determined by measuring the absorbance at 260 nm, and its quality monitored by 0.8% agarose gel electrophoresis. Reverse transcription was carried out at 37˚C for 60 min, followed by 95˚C for 2 min and first round PCR for 95˚C for 30 sec, 55˚C for 30 sec, 72˚C for 30 sec and final extension at 72˚C for 5 min. Primers used in this study were as follows. SAA (5'-GCCTGGTCT TCTGCTCCCTG-3' and 5'-CCACTGCGGCCATGTCTG TT-3') and ß-actin (5'-ATCATGTTTGAGACCTTCAACA-3' and 5'-CATCTCTTGCTCGAAGTCCA-3'). mRNA levels of ß-actin were used to normalized the amount of RNA.
Cell adhesion assay. PC-3M cells were cultured in RPMI-1640 supplemented with 100 mg/l CFDA (Sigma, USA) for 30 min at 37˚C, then washed three times by PBS to remove the residue fluorescent dye. Cells viability was examined by trypan blue staining method and was not affected by this protocol.
HUVECs were cultured in 96-wells culture plate until confluence. Then the medium with control sera and GlPStreated sera (25, 50 , 100 mg/kg) were changed respectively and cultured for 48 h. And then the medium was removed, CFDA-labeled tumor cells (10 4 /well) were added to 96-wells culture plate, and cocultured with HUVECs for 30 min at 37˚C. After cells were washed by PBS for three times, the number of adherent tumor cells was counted under fluorescent microscope in five fields each well (13) .
Immunodepletion of SAA. Control sera and GlPS-treated sera were incubated with anti-human SAA monoclonal antibody (Biosource; 1:50 dilution) for 1 h at 4˚C, and then incubated with protein A-Agrose (Sigma, USA) for 12 h on a roller system at 4˚C. After centrifugalization at 15000 rpm for 10 min, the protein A-Agrose was removed. Then the immunodepleted sera were used for the adhesion assay.
Statistical analysis. Data were analyzed by one-way analysis of variance (ANOVA), followed by Dunnett's test (SPSS 10.0 software). Results are presented as means ± SD. P<0.05 was considered to be statistically significant. Table I , after the oral administration of 25, 50 and 100 mg/kg GlPS for 10 contiguous days, the growth of tumor was inhibited by GlPS in S180 mouse model, and the tumor inhibition rate was 32.67, 44.80 and 45.24%, respectively, which was identical with published studies by other groups.
Results
Inhibitory effect of GlPS on tumor growth. As shown in
2D gel electrophoresis and ES-Q-TOF-MS analysis on the sera of GlPS-treated and control mice bearing murine sarcoma 180 tumors.
The serum samples from the control group and GlPS-treated groups were analyzed by 2D gel electrophoresis. Comparing the protein profiles by PDQuest software analysis, over 500 serum protein spots were recognized in each gel. Among them, three protein spots which were well separated ( Fig. 1) were cut off from Coomassie blue-stained gels and subjected to ES-Q-TOF-MS analysis. Combining with database search, the spots were identified as haptoblobin, apolipoprotein A-II and serum amyloid A, respectively. The data are summarized in Table II . The MS/MS results of the three identified proteins are shown in Fig. 2 .
Validation of differentially expressed protein by Western blot analysis.
Through functional exploring of the three identified proteins, serum amyloid A (SAA) was chosen for further study. To confirm the identification and expression change of SAA, sera were analyzed by Western blot for validation. As shown in Fig. 2C , the serum level of SAA was increased in S180 mouse model after the treatment of GlPS, and this result was consistent with the 2D gel electrophoretic analysis.
Validation of differentially expressed protein by semiquantitative RT-PCR analysis.
In previous research, SAA protein in the serum was suggested to be of liver origin (14) , therefore, the SAA levels in liver samples were examined by semi-quantitative RT-PCR analysis for further validation. Table I . The inhibitory effect of GlPS after oral treatment for 10 days on the growth of Sarcoma 180 in Balb/c mice. 
-------------------------------------------------
(%) -------------------------------------------------
-------------------------------------------------
Calculation of the inhibition rate based on the following formula: tumor inhibition rate (%) [(average tumor weight of control groupaverage tumor weight of GlPS group)/average tumor weight of control group] x 100%. Values are mean ± SD, n=6. a P<0.01 vs control group. GlPS, Ganoderma lucidum polysaccharid.
The results are shown in Fig. 3 . The mRNA level of SAA was up-regulated in a dose-dependent manner. The pattern of change was in agreement with 2D results, so the results of RT-PCR analysis confirmed the reliability of comparative proteomic study.
Inhibition effect of GlPS-treated sera on the adhesion ability of PC-3M to HUVECs.
The effect of GlPS-treated sera on the metastatic adhesion function of malignant cells was evaluated by testing its effect on PC-3M cell adhesion to HUVCEs monolayers. It is clear from Fig. 4 that 25 , 50 and 100 mg/kg GlPS-treated sera can significantly inhibit the attachment of PC-3M cells to HUVECs, respectively (P<0.01). Meanwhile, examined by MTT method, no cytotoxic effect on HUVECs was seen at the same concentrations (data not show).
SAA-immunodepleted sera partially abolish the inhibition ability of GlPS-treated sera on the adhesion of PC-3M to
HUVECs. After removal of SAA by immunodepletion with anti-SAA antibody in control and GlPS-treated sera, the cell adhesion assay was carried out using immunodepleted sera. As shown in Fig. 5 . SAA-depleted GlPS-treated sera (25 and 50 mg/ml) showed no inhibition effect on adhesion ability of PC-3M cells to HUVECs comparing with the control group, but 100 mg/ml SAA-depleted GlPS-treated serum still exerted significant inhibition ability. The inhibitory effect of GlPStreated sera on adhesion ability of PC-3M to HUVECs was partially abolished after the depletion of SAA.
Discussion
The anti-tumor activity of GlPS has been widely studied both in vitro and in vivo. In agreement with these findings, our results listed in Table I Cancer is a multisteps and complex process that attributes to protein changes at functional level. The proteins change as the components or the ultimate effectors in the altered signaling pathways lead to cancer survival, growth, invasion and metastasis (15) . Therefore, analyzing protein changes on tumor tissue or sera in animals bearing cancer will be helpful in uncovering the mechanisms of this pathological process and discovering anti-tumor drugs. As a high-throughput approach of mapping and analyzing protein profiles, proteomic methods show great advantages in cancer research. It offers scientists a feasible approach to explore global protein alterations rather than limited ones. The Table II . ES-Q-TOF-MS identified proteins in control serum vs GlPS-treated serum. The Swiss-Prot accession number, protein name, the % coverage of analyzed peptides, the score from Mascot searches and M r are shown for each protein. differential expression patterns of these proteins would help us foster a better understanding of the pathophysio-logical molecular mechanisms of cancer (16) . In addition, traditional medicines usually exert their effects through multitargets and multiapproaches, which might involve several protein expression changes and modifications. Therefore, in our study, proteomic methods were applied in the GlPS study, hoping to elucidate the comprehensive serum protein expression after the drug treatment and to find the potential proteins related to anti-tumor mechanism of GlPS. In this study, serum proteins were separated by their isoelectric points in the first IEF dimension, and then by their molecular mass using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in the second dimension.
Comparing the proteins present in sera of control and GlPStreated mice by computer-assisted comparative analysis, marked changes in protein profiles were discovered. Three protein spots showed relatively greater changes. These spots were in well separated areas and were excised from gels for MS analysis. The results revealed that these proteins were SAA, haptoglobin, which were up-regulated after the treatment of GlPS, and apolipoprotein A-II, which was down-regulated after the treatment.
Through function exploring, SAA was chosen for further study among the three proteins because of its important role in the process of cancer. SAA is one of the major acute-phase serum proteins, which appears at low concentration in health individuals but is increased up to 1000-fold in response to inflammation or various malignancies (17) (18) (19) , suggesting its beneficial role in host defense. As the precursor of amyloid A (AA), SAA is probably involved in the progression of secondary amyloidosis and AA-amyloidosis (20) . In addition, it is an apolipoprotein of high-density lipoprotein (HDL) and reported to participate in cholesterol metabolism and transport (21) . More importantly, recent studies demonstrated that several functions for the SAA could be essential in neoplasia, which mainly attribute to the effect on the tumor cell adhesion and migration. These functions included inhibiting malignant cell attachment to extracellular matrix (22), inducing the expression of enzymes degrading the ECM (17, 23, 24) , and stimulating leukocytes recruitment (7, 25) . In addition, it is regarded as the biomarker in several types of malignancies, such as gastric cancer (19) , pancreatic cancer (26) , non-small cell lung cancer (27) and nasopharyngeal cancer (28) . According to these reports, we speculated that regulation of SAA expression might be one of the contributing factors to anti-tumor effects of GlPS. Therefore, we used two different methods to test our hypothesis. Since adhesion of tumor cells to endothelial cells is a critical step in tumor metastasis, adhesion assay was chosen for the examination of the effect of SAA expression in the anti-tumor activity of GlPS. In the first approach, adhesion assay was performed with GlPS-treated serum and control serum. As shown in Fig. 4 , the adhesion ability of PC-3M cells was significantly inhibited by GlPS-treated serum, in which the concentration of SAA is much higher than the control serum. In the second approach, we used SAA monoclonal antibody to immunodeplete the SAA protein in GlPS-treated sera and control serum, and then compared the adhesion abilities of tumor cells with immunodepleted sera, in all of which the SAA is absent. As shown in Fig. 5 , the inhibition effect partially recovered after immunodepletion. Together, these results confirmed that up-regulation of SAA is one possible mechanism for GlPS to inhibit the tumor cell adhesion to endothelial cells, i.e., one possible anti-tumor mechanism of GlPS.
The mechanisms by which SAA protein inhibits the adhesion ability of tumor cells to endothelial cells remain unclear. One possible explanation may be related to the functional adhesion motifs of SAA. According to previous reports, some proteins containing the peptide Tyr-IIe-GlySer-Arg (YIGSR) and/or Arg-Gly-Asp (RGD) demonstrated inhibition activities in tumor cell invasion and metastasis, such as the multimeric YIGSR-containing peptide (Ac-Y16), and RGD-containing peptide (rhodostomin) (29) (30) (31) . Both functional YIGSR-like and RGD-like motifs also present in the SAA protein (22). Therefore, it is plausible that both of the functional peptides for SAA were related to inhibit the adhesion of tumor cells to endothelial cells.
In addition, the dose of 100 mg/kg GlPS after removal of SAA still showed inhibition action of PC-3M cells adhesion to HUVECs, it suggested that other mechanisms might also be involved in this progression. Haptoblobin and apolipoprotein A-II, the other obviously changed proteins after the drug treatment, might be also related to the mechanism of the inhibition of GlPS on tumor growth. Further study on them is in progress in our laboratory.
In conclusion, this was the first investigation of the antitumor mechanism of GlPS by proteomic methods and some interesting results were obtained. We separated and identified three potential proteins, haptoblobin, apolipoprotein A-II and SAA from the serum sample of GlPS-treated mice by 2D gel electrophoresis combined with MS analysis. It was demonstrated that the SAA protein concentration in serum was correlated with inhibition of the adhesion ability of PC-3M cells to HUVECs. These results will be helpful in elucidating the anticancer mechanisms of Ganoderma lucidum polysaccharides.
